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Abstract 

Active  combustion  control  has  received  increasing 
attention  for  the  suppression  of  pressure  oscillations 
and  the  extension  of  flammability  limits  in  dump 
combustors  and  premixed  combustors  witli  flame- 
holders.  In  order  to  accelerate  progress  in  this  emerg¬ 
ing  area,  a  research  program  was  initiated  to  improve 
the  physical  understanding  of  combustion  dynamics, 
develop  new  actuators,  and  explore  new  control 
strategies.  This  paper  describes  progress  made  in  the 
program.  The  role  of  shear-flow  dynamics  in  combus¬ 
tion  control  tlirough  experiments  and  numerical  large- 
eddy  simulation  has  been  clarified.  New  actuators  to 
manipulate  the  shear  layer  and  increase  at  oustic  level 
by  utilizing  periodic  chemical  energy  reler  se  have 
been  demonstrated.  New  control  strategies  based  on 
neural  rietwork,  adaptive  filter,  and  modem  control 
synthesis  procedures  have  been  implemcntc  i. 

I.  Introduction 

The  suppression  of  combustion  induced  pressure 
oscillations  and  the  extension  of  flammability  limits 
are  a  major  challenge  in  tlic  design  and  development 
of  high  performance  combustors.  In  tlie  past,  passive 
techniques  have  been  used  to  control  the  combustion 
characteristics.  In  recent  years,  active  combustion 
control  has  received  increasing  attention. 

Passive  control  has  hi.storically  involved  modifi¬ 
cation  to  the  fuel  injection  distribution  pattern  and 
changes  to  the  combustor  geometry.  'Ihese  modifica¬ 
tions  are  often  done  during  tlie  test  phase  of  a  devel¬ 
opment  program,  and  are  based  on  the  engineer's  prior 
experience  rather  than  a  detailed  physical  understand¬ 
ing  of  the  complex  conilnisnop;  pnicess.  More 
recently,  passive  contoc  nt  the  coiniMistio;:  eharactcr- 
rstics  ha.s  been  aducve.l  li;,  utilizing  an  uiid.crsiaruiine 
of  the  .siiear-flow  d'.  r!;!;;i!. fxdiind  a  hhifl-body 
t laincholdcrs  ot  ;i  pnv.ivrd  c  jmh.i.siot  ;tnd  a;  ilie 
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downstream  facing  step  into  a  dump  combustor.!  Eor 
example,  in  tlie  dump  combustor,  nonstandard  inlet 
duct  cross-sections  were  used  to  control  die  genera¬ 
tion  and  brcakdowTi  of  large-scale  structures,  which 
play  a  critical  role  in  driving  pressure  oscillations  and 
determining  die  flammability  limits. 

In  active  control,  actuators  are  used  to  modify  the 
pressure  field  in  the  system  and  modulate  the  air  or 
fuel  supply  to  suppress  combustion  oscillations. 
Typically,  a  feedback  control  loop  is  used  to  drive  an 
actuator  using  the  processed  output  from  a  sensor 
which  moni’.ors  the  flame  characteristics  or  pressure 
osciEations.  Different  active  control  schemes  have 
been  tested  and  resulted  in  suppression  of  pressure 
oscillations  and  extension  of  flammability  limits  in 
laboratory  combustors  with  heat  release  rates  up  to 
250  kW,  in  operation  at  ambient  pressure  and  with 
gaseous  fuels.  An  extensive  review  of  recent  active 
control  work  has  been  recently  done  by  McManus.2 

In  1987,  die  US  Office  of  Naval  Research  (ONR) 
initiated  a  research  program  to  explore  active  com¬ 
bustion  control  in  dump  combustors  and  premixed 
combustors  with  flameholders  (Figure  1).  Specific 
goals  included  extending  the  demonstration  of  control 
with  gaseous  fuels  to  liquid  fuels;  control  of  a  com¬ 
bustor  at  significant  energy  release  rates  (greater  flian 
1  MW);  and  explore  the  utility  of  control  at  higher 
combustor  pressure.  The  overall  approach  to  obtain 
control  autliority  at  these  more  practical  operational 
conditions  has  been  to  apply  the  physical  understand¬ 
ing  of  the  shear-layer  and  combustion  dynamics  to 
guide  the  development  of  new  actuators  and  appro¬ 
priate  control  tlieory.  ITte  active  manipulation  of  the 
reacting  shear  layer  downstream  of  the  dump  or 
behind  bluff  bodies  was  examined  as  a  possible  can¬ 
didate  for  control  of  the  combustion  dynamics. 
Experiments  in  flames  and  laboratory  combustors 
using  advanced  diagnostics,  combined  with  numerical 
large -eddy  .simulations  (LES)  are  being  used.  In  the 
combustor  experiments,  novel  actuators  are  being 
explored  to  actively  control  the  shear-flow  develop¬ 
ment  and  allow  operation  at  elevated  pressures.  For 
feedback  control,  standard  and  advanced  control  tcch- 
nivjues  are  k-ing  explored,  including  modem  control 
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syiuhosis  pixH'Ci.ii'ic.'-,  aiiaj'tivc  iiliois,  aiiJ  iioural  r.L't- 
w'orks.  in  tlic  (kVR  nrO'’rxjii,  stj.iidarxi  scnx'Ors  vacrc 
used,  including  l'agh-lix\)ucncv  response  pressure 
transducei-s,  microphones,  and  Cl  1  emission  sensors. 

IJ)0UMP  COMISUSTO-^  VSilH  GAl^vPHASt.•SHlF  r  CONTROL 
rucL 


,S'  P?^£MiXtD  COMBUSTOi^  WITH  f  LAMLhOLOtH 


I  SeCONC-Af^Y  ^  UtL  !NJ£CT10N 


I-RjURl  1.  Dui^ip  Combustor  and  Com- 

bustor  with  Flamehoklcr  for  Active  Combustion 
Control  experiments. 


approach,  advanced  diagnostics  were  also  applied  to 
study  theefJect  of  active  cuniioi  on  the  .sbear-Hou 
and  combustion  dynamics.  Future  2  shows  lx)Ui  die 
changing  shear-flow  dynamics  and  piessure  signal  in 
a  ducted  flame  during  the  transition  from  uncontrolled 
to  closed-loop  control  operation. 5  During  tlie  uncon¬ 
trolled  (unsDble)  state,  high  anipliiudc  pressure  o.scil- 
lations  in  tiic  duct  arc  associated  wiiii  the  development 
ot  large-scale  vortices  at  tlu*  burner  lip  as  visualized 
by  a  CH  emission  imaging  system,  'i'o  control  the 
flame  stability,  llie  acoustic  signal  was  picked  up  by  a 
tnicroplionc,  time-delayed,  fillcicd,  a/iipJified,  and  fed 
back  to  activate  an  acoustic  driver  which  modulated 
the  air/fuel  mixture.  As  seen  in  Figure  2,  the  suppres¬ 
sion  of  the  oscillations  is  clearly  associated  with 
preventing  the  development  of  coherent  struciiiies.'.  ’ 


lliis  paper  presents  ilie  progress  to  date  made  by 
several  investigators  in  the  ONR  program. 

Participants  in  the  Active  Control  Program  include 
Barron  Associates,  Inc,,  Stanardsvillc,  Virginia; 
Califoniia  Institute  of  Technology,  Pasadena, 
California;  General  Electric  Corpiorate  Research  and 
Development,  Schenectady,  New  York;  Imperial 
College  ot  Science,  ’I'echiiology  and  Medicine, 
London,  England;  Naval  .Air  Warfare  Center  Weapons 
Division,  China  Lrike,  Calilornia;  Naval  Command, 
Control  and  Ocean  Surv  eillance  Center,  San  Diego, 

C  alitorma;  Quest  Integrtued.  Inc.,  Kent,  Washington; 
Stanford  Ihiiversity,  Stanford,  California.  In  the  fol- 
losving  sections  ot  tiie  paper,  progress  in  the  following 
areas  is  reviewed;  ( 1 )  physical  understanding  of  the 
combustion  dyn.imies,  (  2)  development  and  testing  of 
new  types  ot  actua’ors,  ;.V)  implementation  of  novel 
fcedb.ick  comrol  lechmqiie.s,  aiul  (4)  demonstration  of 
active  eiiinbustioii  contiol  in  combustors  up  to  1  MW. 
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FIGURE  2.  Flame  Dynamics  and  Pressure  Signal 
During  Transition  for  Uncontrolled  to  Controlled 
Operation  using  GaiivTime-Delay  Controller. 

Open-loop  control  in  tlie  ducted  flame  was  ini¬ 
tially  used  to  enhance  llamc  stability  and  extended 
flammability  limits,  by  forcing  tlie  tlaine  at  higher 


development  of  large-scale  structures  and  generate 
small-scale  vortices.  Based  on  this  shear  layer  forcing 
near  the  Kelvin-Helmholtz  instability  frequency,  the 
closed-loop  amplitude  modulation  controller  vs  as 
developed  to  control  initiation  of  reaction  in  tlie 
flame. 

dlic  critical  role  of  .shcar-flou  ilvnamics  idcnidiod 
in  the  llamc  experimciUs  was  used  to  gu  ide  actrec 
control  studies  in  a  12..S-em  di.inietei  dump  combe  C  '; 
with  a  nominal  lietii  rekuise  rate  of  1  MW,  [n  :.'m- 
coinlnislor,  the  critical  toie  rd  Firgc  ,v  .dc  sir,u;^.:c  . 
iliiviiig  pressure  oscillatKui.s  have  K-cn  prew.o.;b,\ 
uleiitiiieii  using  plaiiat  l.isoi  di.ignos’u  s  '  .h  -  ;  . 
r  omhiistor  design  s\;is  tili!i/ed  ui  t!;c  ic^ts  1 


injection  was  done  (hiough  an  orifice  piate  at  the 
dump  (Fig  3). 7  With  this  design,  the  sh.ear  layer, 
which  separates  from  tire  orifice,  is  Uuntier  than  in  the 
standard  dump  combustor  and  is  therefore  more  sus¬ 
ceptible  to  excitation  (corresponding  to  Ingher  ampli- 
ficanon  rates).  .Also,  tiie  fuel  is  injected  directly  into 
the  shear  layer  such,  that  fuel  modulation.s  are  mote 
likely  to  affect  the  cotnbustion  process.  In  simulated 
combustion  tests,  the  effectiveness  of  mampnlating 
the  shear  layer  widi  ''ftiei"  modulations  wa.s  demou- 
strated.^^  In  these  nonreaciing  experiments,  acoustic 
forcing  of  the  inlet-sluct  flow  was  used  to  simulate 
combustion  oscillations;  as  a  result,  col-.ercnt  vortices 
were  shed  from  the  dump  ;ts  indicated  h\  a  peak  in  the 
velocity  spectrum  and  flow  visualization  usurg  Mie 
scattering.  An  acoustic  actuator  was  I'lca  used  to 
modulate  ‘'fuel"  jets  at  the  phase-shifted  mstabiliiy 
frequency.  With  proper  phase  adjustmetU.  the  active 
control  was  able  to  disrupt  penodic  voncx  shedding  at 
the  dump,  indicated  by  elimination  of  the  velocity 
peak  in  the  spectrum. 
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F'lGllRli.  4.  I.arge-Fddy  Simulation  of  1  uK'ontrullcd 
and  Actively  Controlled  Combustion  Dynamics  using 
Pulsed  Secondary  l-'uel  Injection. 

Additional  in.sighi  into  the  effectiveness  of  active 
control  on  shear-floss  dynamics  ■.>  :>.s  gained  from 
experiments  witli  a  premixed,  tsco-dimensiojia]  ti.un- 
bustor  D  Results  of  these  experiments  ss  iH  be  dis¬ 
cussed  in  the  following  scctioti  related  to  nus'e! 
actuators. 

'Ilie  physical  understanding  of  the  combust mn 
dynamics  provided  by  tlie  previously  descrilx’d  svork 
sva.s  critical  for  placsanent  and  choice  of  actuatisrs  tc 
ssptimize  control  authority.  Actuators  explored  in  the 
prcscfK  program,  ss  ill  lx*  de.scnlxd  in  the  following 
section. 

llj  Acnialois 


FIGl'RF  3.  .Schematic  ol'Dunip  t  -eubuMi’i 
ss'ith  Pulsod-Csunhastion  .-'‘.cruati  -;  ,-\coti.siic 
l-'uel  Modulation. 

•A  hirge-ediis  mimencal  sin.uikiti. ■  1 
niqiie  ss;is  used  to  pros  ide  iiis;g:u  int  ■  ^oiniiusthni 
slS'iiamics.  An  l.FS  >imui,!!ion  '.s.is  u;  ■  ;  -.shuh  con 
tains  the  essentuil  phs'.sics  ofeombus-:  ;;  msta.bili’s , 
inchkhng  un.sieads-.  inrbiilenl.  comp:c---:b!e  reacting 
tlo'.vs  and  acoustK  .  voitu  iiv.  :i;-.,!  ei'C.:  ss:!ve\.‘'.i't 

Ill!.'  •.'onihusf!! u!  '.'.’a.s  Mmulafed  hmh::  : :i:ii -!hin:c 
m^'  ic!  tii.i!  .  i;:;.  dcicrmmc'-  di-.-  :  .-■■  den'  h  cic- 
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sub,:!:,.;  tm in; d-m  k:n-.-ti,  eii";.--.  1  .-  t,; 


Several  diffeieni  types  of  actuators  ssere  used  m 
earlier  active  control  experiments.  'Ihese  included 
{ 1 )  loud.speakers  to  modify  the  pressure  field  of  the 
systcm'3  or  to  obtain  gaseous  fuel  flow  modulanon.'-* 
(2)  pulsed  gas  jets  aligned  acros.s  a  rearward  facing 
siep.l'’  (3)  adiusia'rile  inlei.s  for  time-viinant  cli.iugc  .d 
the  inlet  area  or'.t  coinfiustor. b)  and  (4)  solenoiJ-'ype 
fuel  injectvirs  for  controlled  unsteady  addituui  ’ 
seeondiiry  tuel  into  the  main  combustion  znne.l” 

Several  new  type.s  of  actuators  were  explored  in 
the  ONH  program.  'Dieir  design  and  peiformar.ce  .nc 
'-ummari/.ed  ui  the  hdlowing. 

In  a  lab.na',oi\-sc,ile  premixed,  two  d.iineu-^'.cCi.c 
dump  coinbnsioi  liie  combination  otMiricx  ge:;;'r.;:  u-s 
.iiul  si'an'.Mse  '.onicits  acncraiors  was  exploie.i  -  l  ie 
me  3).h'  'Nticimiw  I  c  voiticilv  v..is  miosiuced  ;:Uc  die 
inlet  th'w  v.iil)  i\ci'  !  nkev-cd  ,it  -15  degree-.  :  s 

:iic  si-le  w.dh  1  -■  -etN  v  v'Uloill.ihic  m.  -  ’cu 

:ii:\  p'lida.r'.i  i>j;  -  d.unm.in!  p.iii  "I  mumu-;  :  '  'c 


addition  oi'  spanwisc  I'oicsng  rc^.iltcd  in  roduacd  pres¬ 
sure  oscillations  by  producing  a  rcnodic  cross-stream 
tlow  perturbation  to  the  inlet  boundary  layer  ih.rough  a 
slot  which  spanned  the  entire  inliM  width.  A  loud¬ 
speaker  was  utilized  as  a  forcing  element.  'Hie  control 
of  energy  release  and  combustion  instability  was  a 
function  of  jet  rnomentuni,  speaker  voltage  anii  fre¬ 
quency,  which  makes  this  techni'p!-'  an  elteciive  actu¬ 
ator  for  active  control  as  doscrilx'd  later,  b'or  this 
combined  control  lecluuque,  the  effect  of  forcing  on 
th.e  flame  stniciures  may  Ix'  seen  from  .Sch.liercn 
images  in  Figure.  6.  Wuli  spanwisc  anti  streamwise 
forcing  (Ihgurc  6d),  the  name  is  highly  th.ree  dimen¬ 
sional  and  reveals  the  nresenc''  of  small-ScMlc  vonice,S- 
In  the  expenments  shown  in  1-igure  b.  the  vortex 
generating  jets  were  replaced  by  delta-wing  vortex 
generators. 
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injccied  radially  into  the  [.iiemixed  coiiibustor 
up.sUeam  of  the  bluff-body  nanieliolder  and  'aiUi  the 
secondary  tnei  added  to  a  sccuiKlary  airstream  wliali 
was  injected  either  radially  or  axially  into  the  duct, 
injection  of  the  oscillated  fuel  alone  into  tfie  duct 
sometimes  led  to  early  blowoff.  Tlic  oscillation  o!  ilie 
secondary  fuel  was  proportional  to  tlic  ainpliiudc  of 
the  nccdlc-valve  oscillation,  hut  was  subject  to 
damping  by  a  factor  of  order  5  due  to  the  effects  of 
diffusion  and  convection  in  the  feed  lines.  Also  piiasc 
and  amplitude  of  fuel  oscillations  were  difficult  to 
quantify  for  closed-iooi)  active  control,  in  pariictilar 
for  frequencies  above  2(M)  I  i/.  Nevertheless,  success¬ 
ful  suppres.sion  of  combustion  oscillations  was 
obtained  as  discussed  later.  Clascotis  fuel  modulanoti 
by  loudspcakci  was  also  explored  in  the  12.5-cm 
dump  combu..torJ  Acoustic  modulations  were  super¬ 
imposed  on  the  fuel  stream  through  four  tubes  wiiich 
xverc  connected  to  75  W  acoustic  drivers  (Figure  5). 
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FIGURE  5.  Combination  of  Streamwise  and 
Spanwisc  Vortex  Generators  in  Fiemixed,  Two- 
IDimensional  Dump  Uombustor. 


a.  NATURAL  CASE 


SSSfiSJ  b.  SPANWISE  FORCING 


For  liquid  fuels,  a  Moog  .servo-valve  was  modified 
to  obtain  high-speed  fuel-injector  actuation  up  to  250 
Hz.l9  q'o  obtain  tlic  high  frequency  response,  a 
cess  controller  with  dynamic  signal  analyzer  was  used 
for  closed-loop  servo-valve  control  (Eugurc  7).  'Ilic 
valve  was  tested  in  a  premixed  combustor  wiUi  the 
flame  stabilized  behind  a  standard  V-gutter  flame- 
holder  and  a  system  with  improved  flameholding 
using  a  swirler.  With  the  swirler,  the  reaction  zone 
was  shortened  by  a  factor  of  about  4,  For  the  V-guiier 
flamcholder,  an  unsatisfactory  correlation  between  the 
fuel  oscillation  pressure  PpUEL  downstream  of  the 
valve  and  the  chamber  pressure  PcHAM  downstream 
of  llie  flamcholder  was  obtained.  With  llte  swirl 
flamcholder.  the  correlation  was  significantly 
improved  (Figure  8). 


‘r*  '  ^  w»C»CtSS 

VAtvt  Sf  I  , 

><TnLXl.t«t!  ‘  i  i 


C  VORTEX  GENERATORS 


SPANWISE  FORCING  AND 
VORTEX  generators 


i 


^■l<  i '  dUi  o.  i-t let'!  . •: 
l-iiK  ill!’  on  l-lanu-  Sie 
I'h-’toe.raph'.  . 

iruies  were  cxt'loO',:.  f. 


Mil'.',  i-.i'  .iiiil  Slieiinr.t  i.^e 
we  iMii!'  St  iilieieii 


11.  dillen-iu  lech- 
g.lteo;!:,  luels,  nccdlC 

.  e  i-'  1  ;■  -ts  were 
•;  -viii;  h  set  Ol;  fuL  liiel  w;is 


I-'Kil.lRf,  7  Rel.itive  FIuiih.-  /one  l  emeh  toy  S-.t  !!! 
C'lipaiui  V  tiuttei  FlamehtiKlcT  iis'p;'  (  'lose.!  [  d.o 
(.'oiilrol  tor  llir,h  Freipicncy  l-ue!  .Modul.cmii 

In  aiioihei  attempt  to  ai  hieve  .it  lualioii  .n  ele'.  a' 
eomlni--.Ior  ptessiiie,  a  di.sk  w.is  uscti  as  part  ot  die 
ciiinlni'.to!  ’.'..di  and  ost  ilhilcti  bv  a  xaina'oi 
llinvcvei  ih:-  .K'oiisiK'  pov.ei  injuil  oi  the  oseil’.iie..' 


disk  diagram  decreased  to  an  insufficient  level  for  a 
frequency  greater  than  100  Hz. 


FIGURE  8.  Coherence  Between  Fuel  Pressure 
Modulation  and  Chamber  Pressure  Oscillation  for 
Combustor  Configurations  Shown  in  Figure  7. 

The  most  promising  actuator  was  developed  using 
periodic  chemical  lieat  release  to  increase  acoustic 
power  level  while  maintaining  amplitude  and  phase 
control  and  allowing  operation  at  elevated  prc,ssurc>. 
The  principle  of  operation  is  based  on  convected 
flame  kernels  in  a  duct  of  premixed  fuel  and  air  which 
produce  pressure  oscillations  due  to  tlieir  energy 
release  (Figure  3). 21  To  avoid  merging  of  the  kernels, 
the  flame  speed  is  smaller  than  the  gas  velocity  that  is 
conveciing  the  kernels.  The  actuator  with  70  W 
energy  input  for  die  spark  ignition  wa.s  le.sied  in  a  tre- 
quency  range  of  50- 1000  Hz  at  up  to  240  kPa  operat¬ 
ing  pressure  using  gaseous  ethylene  fuel. 

Enhanced  physical  understanding  of  tlie  combu'-- 
tion  dynamics,  combined  witlt  novel  actuators  pn-vid.e 
lire  potential  to  obtain  active  control  at  higher  enoigy 
levels.  In  addition,  attempts  are  being  made  to  fimi 
new  stabilizing  controllers.  Progress  is  described  in 
the  following  section, 
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fh■cvlou.^  work  in  tictivo  control  has  iiiiii/Ci!  ;  e 
shiftytime-delay  type  controllers  (1-igure  1 ).  riie  un 
lization  of  active  control  corice[it,s  in  practical 
bustioii  .systems  require  feedback  contn’l  stmiC;;,;’.. 
which  are  adajniv  '  and  k;,;[’ahic  of  niuln-lrci.'!;:-;.-  ■. 
in.stability  <.  ontmi  imvel  appro. ictie;. .  :  ■ 
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Approximate  Analysis 

So-called  approximate  analysis  is  used  as  the  theo¬ 
retical  framework  to  explicitly  represent  all  gas 
dynamic  proce.sses  including  some  nonlinear  lenns 
while  accommodating  other  physical  processes  by 
modeling. 22  Tlie  analysis  i.s  considered  general 
because  when  a  specific  case  of  combustion  instabili¬ 
ties  is  considered  unsteady  heat  addition  needs  to  l>c 
modeled  in  some  fashion.  In  fonnulating  the  analysis, 
nuciuaiing  value  equations  are  obtained  for  the  fiow 
variables  from  tlie  governing  equations  of  fluid 
motion.  Subsequently,  a  form  of  Galerkin's  method  is 
applied  in  wiiich  tfie  acoustic  modes  of  the  combus¬ 
tion  chamlxtr  are  used  as  the  basis  functions.  The 
governing  pania!  differential  equations  are  finally 
reduced  to  a  .set  of  .second-order  ordinary'  difterennut 
equations  written  for  time-dependent  amplitude  of  ifie 
coiTCSponding  acoustic  mode.  Tlie  approximate  anal¬ 
ysis  was  applied  to  a  Rijke  tube  by  incorporating  a 
model  for  unsteady  heat  addition  witfi  two  parameters. 
Results  and  comparison  to  experimental  data  are  dis- 
cu.sscd  later. 

Controllers  Usine  Loop  Shaping  Tochniques 

To  extend  perfonnance  of  simple  phase-.shift  con¬ 
trollers,  a  classical  approach  using  a  frequency 
domain  compensator  was  undertaken.  TTiis  digital 
controller,  which  was  designed  for  a  ducted  premixed 
flame,  consisted  of  an  8iJi  order  Butterworth  filter,  a 
second-order  notch  filter,  a  first-order  lead  compen¬ 
sator.  and  a  gain  module.  ITe  design  procedure  is 
illustrated  in  Ref.  23,  and  its  improved  perfonnance 
and  stability  robustness  was  experimentally 
demonstrated. 

'Hic  successful  implementation  of  active  instabil¬ 
ity  suppression  in  complex  combustor  geometries  will 
require  a  multi-frequency  controller  witlt  the  ability  to 
supprc.s.s  closely  spaced  resonance  modes.  Controllers 
for  this  purpose  have  been  designed  and  applied  to  the 
Riike  t'.ibc2-4  using  loop  shaping  techniques.  By 
utilizing  a  simplified  linear  model  for  the  acoustic 
ds  namics  and  doing  system  identification  measure- 
mcm.s.  a  transfer  function  was  approximated,  which 
was  in  satisfactory  agreement  witli  the  measured 
tran.'.ler  lunction  (Figure  9).  'Hie  loop  shaping  con- 
tioilci  design  procedure,  descrilx'd  in  Reference  2.‘i. 
a. as  then  used  to  design  a  controller  for  the  Riike  ‘u'x' 
c\ peiiuietU.s- 
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FIGURE  9  Measured  Transfer  Function  and 
An  ;> !  )■  n'  t'a  1  App  rox  im  a  t  i  on , 

Knowicdec-  Based  Control 

Knowledge  based  control  was  applied  to  a  ducted 
premixed  flame  as  well.  In  a  knowledge  based 
controller,  the  signal  from  a  pressure  transducer  in  die 
combustor  was  fed  back  with  constant  gain  through  a 
bandpass  filter  to  a  phase  shifting  device  to  drive  an 
actuator  to  obtain  oscillation  suppression.  Tlie  phase 
shifter  monitored  the  filtered  feedback  signal  to  give  a 
syndiesized  sinusoid  locked  to  the  feedback  wiili  a 
switch-selectable  phase  shift  at  256  equal  intervals 
between  0  and  360°.  'Hie  software-controlled  output 
voltage  (input  voltage  to  the  vibrator)  could  be  incre¬ 
mented  in  die  ratio  2n/4,  where  n  was  any  integer 
between  0  and  63.  Tlie  characteristics  of  the  actuator 
determined  that  tlieir  peak-to-pcak  displacements 
were  proportional  to  the  input  voltage. 

ITe  performance  of  the  knowledge  based  control 
widi  variable  input  to  the  actuator  is  compared  later  to 
a  controller  with  constant  input. 

Adaptive  fuller 

An  adaptive  filter  controller  was  also  used  on  a 
ducted  premixed  flame,  llie  adaptive  controller  was  a 
modified  adaptive  filter,  which  utilized  a  digital 
implementation  of  the  Wicner-Hopf  least-mean- 
square.s  algorithm  for  adaptation.26  Tlie  filler  wa.s 
moditied  to  allow  differencing  of  the  pcrfomianec  and 
ini'iit  signal  externally  Ihc  bandpass  filtered  pressure 
transdiicer  signal  was  amplified  to  produce  the  detec¬ 
tor  atid  error  signals  with  voltage  gains  of  around  10 
i20  dlU  over  the  filtered  signal. 

I  > j : gu ; g e  J Vi ! y ? ; f ' : i  1  i a  1  Neural  Networks 

The  !i’i!;;  .  "t  networks  for  quasistatie  pioh- 
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thesis  methods  have  been  developed  which  employ 
infonnation  theory  to  constrain  tire  numlxtr  of  network 
nodes  to  die  minimum  required  for  accurate  system 
identification.  A  discussion  of  this  concept  of  poly¬ 
nomial  neural  nctwork.s  (PNN)  is  given  in  Ref,  27. 

Ilic  implementation  of  a  controller  based  on  PNN 
is  Ixting  explored  in  a  premixed  combustor  with  com¬ 
bined  sircsiinwisc  and  spanwise  forcing  (Figure  5)  and 
in  a  dump  combustor  with  acoustic  fuel  modulation 
using  the  lime-delayed  pressure  oscillation  frequency 
(Figure  3). 

For  the  premixed  combu.stor,28  control  inputs  are 
jet-to-cross  flow  ratio,  R,  for  die  strca:Tiwi,se  forcing 
and  speaker  voltage.  A,  and  frequency,  f,  for  spanwi.se 
forcing,  llicsc  inputs  are  controlled  for  varying 
equivalence  ratio,  i)),  and  inlet  velocity,  Uq.  to  mini¬ 
mize  RMS  pressure  fluctuation  level,  P,  and  maximize 
volumetric  energy  release  rate,  E,  as  indicated  by  CH 
emission.  For  these  interrelated  combustor  parame¬ 
ters,  a  response  surface  was  generated  from  static 
actuator  inputs  for  varying  combustor  conditions, 
Subsequendy  a  cost  function  was  defined  representa¬ 
tive  of  the  desired  operating  characteristics.  Optimum 
control  is  obtained  by  minimizing  the  cost  function 

J  =  aP2  -  bE2 

where  P  and  E  are  the  respective  response  surfaces 
represented  by  the  neural  net; 

P  =  f(R,  A,  f, «,  Uo) 

E  =  g(R,  A,  f,  6.  Uo) 

ITie  weighing  coefficients  a  and  b  allow  shifting  the 
emphasis  between  minimizing  P  and  maximizing  E. 
Figure  10  shows  the  effect  of  varying  a  and  constant  b 
on  the  cost  function  based  on  actual  combustor  data 
and  neural  net  predictions.  Work  is  in  progress  to 
complete  training  of  the  neural  net  and  allow  on-line 
re-minimization  of  the  cost  function  by  active  search 
in  control  parameter  space. 

For  the  dump  combustor  (Figure  1 1  ),29  a  PNN 
controller  was  used  to  detennine  the  optimum  time- 
delay,  TD*  between  pressure  oscillations  and  fuel 
modulation  to  minimize  RMS  prcs.sure  fluctuation.s. 
IFPAMP  and  optimize  heal  release  rate  (CH  emission) 
at  the  combustion  chamlier  center,  EAVR2.  llie  cost 
function  for  this  controller  was  defined  as  follows: 


J  IFPAMP  -1-  1/F:AVR2 


FIGURE  10.  Effect  of  Pressure  Response  Surlacc 
Weighting  Factor  on  Cost  Function  Determined  from 
Static  Experiments  and  Polynomial  Neural  Network. 


P'lGURE  12.  Performance  (Cost)  Function  J  to  lx: 
Minimized  for  Optimum  Perfonnance  as  Function  of 
Equivalence  Ratio. 
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FIGURE  1 1.  Feed  For.vard  Neural  Net  Controller  to 
Optimize  Time  Delay  for  Varying  Equivalence  Ratio. 


Based  on  experiments  in  which  IFPAM!^  and 
EAVR2  was  systeniaucaiiy  uetcii.iit.^d  .lo  a  functiot! 
of  TD*  and  <>,  tlie  cost  (or  perfonnance)  function  J  in 
Figure  12  was  calculated  based  on  PNN.  Depending 
on  b,  tliis  surface  dctemrincs  TD  to  minimize  J  (or 
maximize  EAVR2  and  minimize  IFl’AMP).  .At  ftie 
present  time,  lire  PNN  controller  is  beiitg  p''niored  iti 
off-line  operation.  For  varying  equivalence  ratio. 

'll.')*  was  caicuhited  with  die  peifoniuin-e  hm.  ti.  ci 
and  manually  adjusted  in  the  eontrol  loop,  Ke.-uit.-  .ne 
discussed  in  .Section  V 


V.  Active  Control  F.xpenmcnts 

Closed-loop  active  control  experiments  were 
conducted  in  four  combustion  devices  in  tlic  ONR 
research  program.  Tlic  goal  was  to  explore  the  new 
approaches  based  on  improved  physical  understand¬ 
ing,  new  actuators,  and  improved  control  theory; 

(1)  Rijke  tube  with  loudspeaker  (multi-mode  con¬ 
troller,  evaluation  of  plant  model),  (2)  1-kW  premixed 
combustor  witla  loudspeaker  (improved  gain/  phase- 
shift  controller  witJi  stabilizing  compensator),  (3)  50 
and  100  kW  premixed  combustors,  with  loudspeakers 
and  secondary  fuel  injection  (conuoi  witli  variable 
input  amplitude  and  adaptive  filter),  and  (4)  1  MW 
dump  combustor  witJi  fuel  modulation  Goudspeaker) 
and  pulscd-combuslion  actuator  (gain/time-delay  con¬ 
troller,  neural  net).  Experimental  arrangements  fl )  to 
(3)  were  used  to  suppress  pressure  oscillations. 
Arrangement  (4)  was  used  to  extend  flammability 
'.Imils  in  additi.'n  to  oscillation  control. 


Riikc  Tube 

'nic  acoustic  mode  predictions  of  the  approximate 
analysis  for  the  Rijke  tulxj  were  compared  to  an 
expel iment  in  which  a  tliin  electrically  heated  wire 
grid  wa.s  used  as  the  energy  smirce.  t'omparison  ot 
the  prcssiiie  spextia  a.s  shown  in  Figure  13  reveals  .i 
g(KHi  agreemeiu  of  the  insttibilify  frequencies,  but  the 
agreement  U-tween  the  relative  amplitudes  of  each 
mode  IS  still  p-toi.  'fhe  Rijke  tulv  is  one  of  the 
smu'lesl  examples  of  tlienn.dlv  d.rivcii  oscillations,  it 
i-.  CM. lent  that  much  w  o:k  is  sttii  needed  before  an. 

ihct,T-  i!  .d  piedic't.'ri  o!  coTntnistion 
;:c  ’.ibiliis  in  a  Ci'inplex  de'.  :ce 

In  the  s.a:;  ’ lies  ;  ■  I  i  .  ^  eit’ciler  designed 


multiple  unii.tble  modes.--  As  shown  in  I-'igure  14. 
suppression  of  multi-frequency  oscillations  was 
obtained  in  closed  loop  operation. 


FIGURE  13.  Experimental  and  Simulated  Acoustic 
Modes  in  Rijke  Tube. 


FIGURE  14.  Closed  and  Open  l.oop  Spectrum 
in  Rijkc  Tulx;  Using  Controller  With  Loop 
Shaping  H,  'rec!'''’'qucs. 


Prcniixed  Comb u s I (w  1 1  kW) 

Experiments  were  conducted  in  a  premixed 
ntctliar, e-ai;  t.o)iiiii;s!i 'Ihe  fi.micholdcr  consisted 
i  )f  a  perforated,  plate  w  ;tli  holes  and  was  located 
midway  tirsidc  lit  ■  eo.mivj.sior.  'Flic  1-kW  combustor 
c-xlnbited  large  self-siaeattied.  oscillations,  predomi¬ 
nantly  at  .380  11/  frh.me-qtiarier  wave)  and  760  Hz 
(second  htunn'm.  i  ,-3  ioud.>]ie;iker  was  mounted  at 
the  tiead  end  (■;  n:  ■  c.  .miva.sti  u .  .4  simple  gain/phase- 
siiift  (  onitoi!  ”  ■;v•■^e''^ed  tl.e  oscilhitions  over  only  a 
limui’.i  lange  ft  i::;-:  i  . ’udhions,  in  tenns  of  total 

(low  r.itc  la’in,  l  .ven  in  the  effective 

jaiir"  '  ‘  ‘  n;  :  ■  ;  ;h  ■  .  i-n::  x  had  ;i  limited 


allowable  gain  and  phasc-sliift  margin,  probably  due  a 
multiplicity  of  closely  .spaced  instability  modes.  An 
improved  controller  with  lead  compensator  and  notch 
filter  was  designed  using  frequency-response  data  and 
standard  design  laws,  resulting  in  a  more  robust  con¬ 
troller  with  a  wider  gain  and  phase  margin  and 
improved  range  of  effectiveness.  An  attenuation  of 
33  dH  was  achieved  at  the  1  kW  energy  level  for  the 
pressure  oscillations  with  uncontrolled  aPrms  =  ^^-2 
kPa. 

Premixed  Combustor  (50  and  1(K)  kW) 

Several  actuators  were  evaluated  in  this  pipe  com¬ 
bustor  with  premixed  propanc/air  stabilized  behind  a 
bluff  body.  Only  tlic  experiments  w'ith  secondary  fuel 
injection,  modulated  by  a  needle  valve,  will  be  dis¬ 
cussed  here.  18  Two  combustor  diameters  of  40  mm 
and  80  mm,  with  heat  release  rates  of  about  50  and 
100  kW,  were  used. 

A  simple  gain/phase-shifi  controller  providing  a 
constant  input  amplitude  to  the  needle  valve  resulted 
in  periodic  loss  of  lock  between  actuator  input  and 
feedback,  and  limited  altcauation  of  tlic  120  Hz- 
quarter  wave  pressure  oscillations  to  10  dB  (a  factor 
of  3).  A  controller  with  variable  input  amplitude 
(knowledge-based  controller)  averted  loss  of  lock 
between  actuator  input  and  feedback  and  improved 
attenuation  of  pressure  oscillations  by  5  dB  to  15  dB 
(the  latter  being  a  factor  of  5)  (Figure  15). 


•  VARIABLE 

ITGURF.  15.  Suppression  of  Pressure 
Oscillations  witJr  Constant  and  Variable  Input 
Amplitude  to  Secondary  Fuel  Actuator. 

'Ihe  effectiveness  of  control  in  this  type  of  com¬ 
bustor  was  limited  by  the  heat  release  rale. 
Attenuation  of  oscillations  by  up  to  15  dB  was  possi¬ 
ble  for  heal  relca.sc  rates  up  to  100  kW.  Attenuation 
decreased  witli  heat  relca.se  rate  to  values  below  5  dB 
for  beat  release  greater  tlian  160  kW  in  the  80-mm 
pipe  (F'igure  1 6). 


ATTENUATION,  dO 


Preliminary  tests  with  tlie  adaptive  filter  showed 
that  this  control  was  more  effective  than  knowledge- 
based  control  due  to  effective  r>■^cking  of  tlie 
frequency.  A  reduction  of  20  dB  (a  factor  of  10)  of  a 
120  Hz  pressure  oscillation  was  obtained. 31 


HEAT  RELEASE  RATE,  kW 


FIGURE  16.  Influence  of  Combustor  Heat 
Release  on  Attenuation. 

Dump  Combustor 

Active  combustion  control  was  tested  in  the 
12.5-cm  diameter  combustor  for  heat  release  rates  up 
to  1  MW  and  combustor  pressure  up  to  180  kPa. 
Tlu'ee  test  conditions  will  be  reviewed.  (1)  For  250 
and  500  kW  operation  at  nearly  ambient  pressure, 
acoustic  drivers  modulated  the  ethylene  flow  rate  at 
tlie  combustion  instability  frequency  with  varying 
phase  shift  relative  to  the  instability.  (2)  For  i  MW 
operation  at  180  kPa,  the  pulsed-combustion  actuator 
using  2%  of  the  total  mass  flow  was  located  in  tlie 
inlet  duct  and  operated  with  a  simple  gain/phase-shift 
controller.  (3)  Preliminary  tests  were  made  to  evalu¬ 
ate  the  neural  net  controller  at  33  kW  and  ambient 
pressure  operation  witli  fuel  modulation  using  a 
loudspeaker. 

For  250  kW  and  500  kW  operation  at  anihicnt 
pressure,  peak  amplitude  and  RMS  of  the  300  i  1/ 
instability  was  suppressed  at  40  degrees  phase  angle. 
The  maximum  suppression  was  47%  of  die  peak 
amplitude  (5  dB  attenuation).  The  controlled  fuel 
o.scil!ations  also  ex'ended  the  le.an  flammability 
limit.7  For  similar  operational  conditions,  a  dual  loup 
feedback  control  sy.siem  was  employed  to  .supfircNs 
pressure  oscillation.s  during  a  bi-modal 
instability.  Tlic  .scti.sor  signal  was  fed  back  int.i  ti.  ■ 
acoustic  drivers  via  two  .separate  channels,  w  itli 
different  lime  delays  (transfer  functions).  Whe:’  t;.  • 
transfer  functions  for  both  channels  were  ; 

for  tlie  suppression  of  its  corresponding  trequeiu  %.  tlie 
combined  duabinodc  sy.Meni  was  effective  in  sej’; 

.sing  the  bi-mod. il  fretjueucy  and  dalaye.l  onset  o!  lucli 
level  inslabihtv  osi  illations  at  the  lean  ri.iinti. ■ 


limit.  Tlie  flame  blow-out  was  reduced  from  an 
equivalence  ratio  of  0.72  to  0.54  (Figure  17).32 


FIGURE  17.  Extension  of  I.ean  Flammability  Limit 
by  Dual-Mode  Active  Control  Using  Gain/Time- 
Delay  Controller  and  Acoustic  Fuel  Modulation, 

500  kW  Dump  Combustor. 

For  1  MW  operation  at  180  kPa,  the  peak  values 
of  a  140  Hz  instability  was  reduced  by  28%  at  a  phase 
angle  of  about  30  degrees  (Figure  18).  llic  natural 
RMS  pressure  fluctuations  was  25.4  kPa  or  182  dB. 
Higher  attenuation  is  expected  when  the  pulsed 
combustion  actuator  (flame  kernel)  concept  will  be 
used  for  direct  shear-layer  excitation. 
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F'lGURF  18.  Suppression  of  Peak  Amplitude  Using 
(iain/Pliasc-Siiift  Controller  and  Pulsed-Combusiion 
Actuator.  1  MW  Duruji  Combu.stor  at  180  kPa 
(  hainlxT  Pressure. 

Fur  .13  kW  operation  a:  ambient  duunlxT  pressure, 
pc.ik  pressure  was  suj'piessed  by  a['  to  15  dB  and  CH 
eniisMiai  ineie.e  ed  ovei  the  entire  equivalencc-niUo 
lane:  wis-:;  i:..  i;;a.-  dc'.w  to-  eael;  0  was  calcul.i’ed 
I'v  t!:--  i'W  jv: torni.iis  c  sutiace  (Figure  19;. 

I  xpeiiii.sn-v  .uv-  contininng  to  test  the  PXN  co:;:;i'i!er 
ii> .  '  i.s.-'  1  sliowu  in  fhgure  i  i 
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I-’lGl’Ri-  19.  Peak  Pressure  and  CH  limission  Control 
svidi  Acoustic  I-ut  l  Modulation  j.sing  Neural  Net  to 
Dctenniiie  Time-lXday  I'or  Var>-i!ig  Hquivalencc 
Ratio,  33  kW  Duir.p  Combustor  at  Ambient  Qiamlrer 
Pressure. 

VI.  Conclusions 

It  i.s  cl'car  that  active  control  is  a  viable  approach 
to  suppress  combustion  ipsn^bjlitics  and  e.xtend 
flammability  limits  of  a  variety  of  combustion  sys¬ 
tems,  A  detailed  physical  understanding  of  the 
combustion/aconstic  processes  gained  from  experi¬ 
ments  and  simulation  was  an  important  tool  in  the 
successful  implementation  of  control.  Several  control 
methodologies  h.-ivc  dcmon.strated  potential. 

Active  control  has  tx'cn  extended  to  test  condi¬ 
tions  which  approach  operational  energy  and  pressure 
levels,  'llicse  tests  pointed  towards  the  need  for  a 
more  effective  actuator  that  could  produce  high 
acoustic  power  at  elevated  pressures.  'Hie  develop¬ 
ment  of  the  name  kernel  actuator  based  on  periodic 
chemical  h.eat  reica.se  may  be  the  most  important 
advance  to  date,  Lhitil  this  O'-w  actuator,  the  trend  in 
active  cennbustion  control  experiments  was  towards 
decreasing  pcrfomiance  with  increa.sing  energy  and 
preassure  levels. 

'-ccond  area  of  svntinmng  investigation  should 
!k'  die  combined  use  ot  .niivc  and  p.i.ssivc  control 
me  I  I'll  id,, ,  [•;xpe^nlen!.^  to  dale  in  laboratory  scale 
ciimhustion  systems  suggest  ih.at  the  two  approaches 
can  be  u.sed  cffectivei)  in  combination  more  satisfac- 
inrilv  ili.ui  cither  one  alone.  It  is  jdausible  that  the 
s.ime  ^vllJ  tx-  true  in  o';;  -i  stems  and  processes,  but 
lis'  ini'-  'ml!  h.o  ;;i a  .•xni, j  i[|  detail. 
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